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Abstract 
In this paper, crosstalk characterization results of single-photon avalanche diode (SPAD) arrays in CMOS 150nm technology are 
reported and discussed. SPADs are implemented in two different sizes (15.6 and 25.6μm pitch) and three guard ring widths (0.6, 
1.1 and1.6μm). A SPAD array is composed of 25 (5h5) devices, which can be separately activated. Measurement results show 
that total crosstalk probability is well below 1% for arrays with conservative guard ring SPADs, and decreases with distance 
between devices. We also observed crosstalk is dependent on geometry parameters of SPADs. 
 
© 2014 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the scientific committee of Eurosensors 2014. 
Keywords:SPAD; Crosstalk;Dark Count Rae (DCR); Optical sensing; CMOS;  
1. Introduction 
Over the last few years, photon detection systems based on Single-Photon Avalanche Diode (SPAD) arrays have 
been proposed for different imaging applications such as γ-ray detection in Positron Emission Tomography [1] and 
fluorescence lifetime imaging microscopy [2]. One possible issue of SPAD arrays is crosstalk: when an avalanche 
event is triggered, a large number of hot carriers will be generated in the SPAD high-field region. These carriers will 
recombine and may emit photons, which can be absorbed and thus trigger an avalanche in an adjacent SPAD. 
Moreover, crosstalk can also be caused by the lateral diffusion of carriers. This phenomenon becomes a correlated 
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noise source, which may severely impact performance in some applications [3]. The most straightforward way of 
reducing crosstalk is to increase the distance between devices, which, however, limits the array density [4, 5].  
In the next section, we discuss SPAD array design, read-out circuits and measurement setup. In section 3, we 
present and report characterization results of dark count rate (DCR) and crosstalk probability as a function of 
distance and geometry parameters. Finally, we conclude with a discussion on the implication of this work. 
2. SPAD array and chip description 
A SPAD is an avalanche photodiode working above its breakdown voltage (Geiger mode). Under this condition 
the electrical field of the junction is so strong that even a single carrier (electron or hole) may trigger an avalanche. 
A quenching circuit (passive or active) is required to quench the avalanche and restore the initial bias condition.  
The cross-section of the SPAD, fabricated in a 150nm CMOS process, is schematically sketched in Fig 1 (a). The 
avalanche region is formed by p+/n-well junction, and an isolation layer (n-iso) is applied to realize a lower doped 
region as guard-ring, preventing early periphery breakdown [ref. ESSDERC 2011]. Finally, a metal shield is formed 
to avoid light transmission to non-active area. The pitch size is indicated as rpitch and active region as ract. The guard 
ring width has been designed in different sizes (0.6, 1.1 and 1.6μm) to experimentally assess the trade-off between 
high fill-factor and low crosstalk probability. Two different SPAD sizes (15.6 and 25.6μm) are realized to 
investigate the relationship between crosstalk probability and SPAD pitch. The fill-factor of the different SPAD 
arrays is shown in Table 1. Each SPAD array is composed of 25 (5h5) devices, which can be separately selected. 
The layout of one of the arrays is also shown in Fig 1(a).  
Table 1. Fill-factor of SPAD arrays. 
SPAD type con_15μm1 con_25μm mod_15μm mod_25μm ext_15μm ext_25μm 
Fill-factor (%) 46.3 65.4 55.6 71.9 64.9 78.4 
 
(a)  (b)   
Fig. 1. (a) SPAD array layout and SPAD cross-section; (b) schematic of SPAD front-end. 
Each SPAD is integrated together with a pixel circuit, as shown in Figure 1 (b). The SPAD is connected to a 
quenching transistor M2, an enable transistor M1, a Schmitt-trigger comparator, which converts voltage pulse from 
the SPAD to a 1.8V digital output signal and protects the following digital electronics. SPADs can be individually 
selected through a decoder, while only one output can be enabled.  
 
 
1 For simplicity, a SPAD with guard ring width of 0.6, 1.1 and 1.6μm are named as con, mod and ext. As an example, con_15μm represents 
conservative guard ring SPAD of 15.6μm pitch. 
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A dedicated printed circuit board (PCB) provides power supply, bias and reference voltage for the SPADs, while 
the acquisition was conducted with an external ripple counter connected to the common output. A series of 
measurements have been conducted in order to extract SPAD dark count rate (DCR) and crosstalk probability. 
3. Characterization results 
Dark count rate (DCR), which indicates events generated by a SPAD even in the absence of illumination, was 
measured for all the SPAD arrays. Measurements performed on SPADs having 0.6μm guard ring width showed an 
extremely high DCR, indicating the presence of early breakdown at the borders. This behavior is not present in the 
two other types of SPADs (1.1 and1.6μm guard ring width) which are fully functional. The histogram of DCR for 
both device types biased at 3V excess voltage is shown in Fig 2. Moderate SPADs have higher DCR than 
conservative ones due to their larger active area. 
 
 
Fig. 2. Dark count rate histogram of SPADs at 3V excess bias voltage. 
Pseudo-crosstalk measurements were performed to characterize the crosstalk probability for all SPAD arrays [4]. 
During the measurements, two different devices are activated at a time, forming an emitter-detector pair. The emitter 
is the device generating photons during an avalanche event, while the detector can be triggered by these photons. To 
obtain a crosstalk probability mapping, the central SPAD is considered as emitter, and all the other 24 SPADs are 
considered as detectors and are activated one at a time. The measurement is conducted in two time intervals: during 
the first time interval, the count rate of a detector is evaluated with the emitter disabled; in the second time interval, 
the count rate of the detector is measured with the emitter enabled. Crosstalk probability was calculated by 
subtracting the two count rates and dividing the difference by the DCR of the emitter. This procedure was repeated 
for all 24 SPADs to obtain the crosstalk mapping of an array.  
The crosstalk probability mapping for a conservative SPAD array with 15.6um pitch at 3V excess bias voltage is 
shown in Fig 3(a). As shown in the figure, the crosstalk probability of conservative guard ring SPADs (15.6μm pitch) 
is well less than 1%, and decreases with distance between devices. Crosstalk probability of nearest neighbors for 
each type of SPAD arrays is measured, and results are shown in Fig 3(b). Comparison of conservative and moderate 
SPADs (con_15μm vs. con_25μm and con_25μm vs. mod_25μm) shows that, as expected, crosstalk probability 
increases as guard ring width decreases and increases with SPAD size.  
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Fig. 3.(a) crosstalk probability mapping of conservative SPAD array (15.6μm) at 3V excess bias voltage ; (b) minimum, mean and maximum 
crosstalk probability between nearest neighbors in different  SPAD arrays at 3V excess bias voltage. 
4. Conclusion 
Crosstalk represents a source of correlated noise in SPAD arrays. In this paper, we present a test chip for 
characterization of crosstalk probability. The results show that crosstalk is well below than 1% for conservative 
SPAD arrays (15.6μm) and decreases with increasing distance between devices. We also observed that larger 
SPADs have higher crosstalk probability. However, the average worst-case crosstalk probability, measured on an 
array having 25.6um pitch and a fill factor larger than 70%, is lower than 2.5%. This result supports the application 
of high fill-factor SPAD arrays in single-photon imaging applications requiring low crosstalk probability. 
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